Transposable elements (TEs) compose about 40% of the murine genome. Retrotransposition of active TEs such as LINE-1 (L1) tremendously impacts genetic diversification and genome stability. Therefore, transcription and transposition activities of retrotransposons are tightly controlled. Here, we show that the Krüppel-like zinc finger protein Zfp281 directly binds and suppresses a subset of retrotransposons, including the active young L1 repeat elements, in mouse embryonic stem (ES) cells. In addition, we find that Zfp281-regulated L1s are highly enriched for 5-hydroxymethylcytosine (5hmC) and H3K4me3. The COMPASS-like H3K4 methyltransferase Mll2 is the major H3K4me3 methylase at the Zfp281-regulated L1s and required for their proper expression. Our studies also reveal that Zfp281 functions partially through recruiting the L1 regulators DNA hydroxymethylase Tet1 and Sin3A, and restricting Mll2 at these active L1s, leading to their balanced expression. In summary, our data indicate an instrumental role of Zfp281 in suppressing the young active L1s in mouse ES cells.
INTRODUCTION
Transposable elements, also known as jumping genes, comprise ∼40% of mammalian genome (1, 2) . Transposable elements pervading mammalian genomes mostly originate from retrotransposons, including long interspersed nuclear elements (LINEs), short interspersed nuclear elements (SINEs), and endogenous retroviruses (ERVs) (2, 3) . Retrotransposons shape host genome landscape and evolution through introducing, deleting or modifying cis-regulatory elements or genes (4, 5) . However, they can also induce detrimental genome instability and numerous human diseases (3, 6) .
Host cells have marshaled a variety of defense mechanisms, including nucleic acid editing, RNA-induced silencing, and epigenetic transcriptional repression, to constrain specific subtypes of retrotransposons (7) (8) (9) (10) (11) . DNA methylation and H3K9 methylation have been considered as the primary host defense against transposable elements (12) . DNMT1 and DNMT3A/B are required for the methylation of intracisternal A particle (IAP) retrotransposons in mouse embryos and germ cells (13, 14) . It has also been reported that the epigenetic regulator KAP1/TRIM28 and its associated histone modifiers ESET, G9a and SUV39H are essential in suppressing distinct subsets of retrotransposons in an H3K9 methylation-dependent manner in mouse embryonic stem (ES) cells (15) (16) (17) (18) . Members in the fast growing Krüppel associated box (KRAB)-containing zinc finger (KZNF) family can specifically recruit H3K9 methylation machineries to silence subclasses of retrotransposons through interacting with KAP1 (19, 20) . Nevertheless, the mutations in retrotransposon can lead to evasion from the KZNF mediated repression, providing an interesting genetics model in maintaining an evolutionary balance between retrotransposon and host genome (3, 19) .
Long interspersed nuclear element-1s (LINE-1s or L1s) are the autonomous retrotransposons in mammals. Hyperactivation of L1s has been linked to tumorigenesis (21, 22) . There are >100 000 L1 fragments and ∼3000 intact L1s in the mouse genome belonging to different families according to their retrotranposition activities (23) . A type (L1Md A) and F type (L1Md T and L1Md F) promoters are carrying retrotranposition activities, at present (24, 25) . Suv39H-mediated H3K9 methylation has been shown to suppress A type of L1 in mouse ES cells (17) . Recent work indicated that 5-hydroxymethylcytosine (5hmC) is highly enriched in F types of young L1 repeat elements (26) . Further studies revealed that the co-repressor complex Sin3A could function together with the DNA hydroxymethylases Tet in suppressing the expression of the young L1s (27) . However, a full understanding about the regulation of these young L1s is still lacking.
The Krüppel-like zinc finger transcription factor Zfp281 was first identified as a transcriptional repressor, with a preference for binding to the GC-rich DNA sequence (28) . Subsequent studies implicated that Zfp281 can either function as a transcriptional repressor or an activator in a context-dependent manner (29) (30) (31) . Here we show an important role of the Zfp281 in restricting the expression of F type of young L1s in mouse ES cells. The Zfp281 regulated young L1s hijack the H3K4 methyltransferase Mll2 for their proper expression in an H3K4me3-dependent manner. Our further analyses suggest that a functional interplay between Zfp281-Tet1-Sin3A and Mll2 plays critical roles in the regulation of the subsets of L1 repeat elements.
MATERIALS AND METHODS

Expression plasmids and cell lines
Mouse V6.5 embryonic stem cells were cultured on irradiated mouse embryonic fibroblast (iMEF) feeder layers in 0.1% gelatin-coated tissue culture flask. Cells were grown in DMEM (D6546, Sigma) supplemented with 15% ES-certified fetal bovine serum (Hyclone), 2 mM Lglutamine, 0.1 mM nonessential amino acids, 0.1 mM ␤-mercaptoethanol, and recombinant LIF (Millipore). For ChIP and RNA analyses, cells were grown for one passage off feeders on tissue culture plates for 30 min.
Lentivirus based RNAi
Mouse Zfp281 constructs were discribed previously (32) . The Non-targeting shRNA construct (SHC002) was purchased from Sigma. Lentiviral particle preparation and infection were performed as previously described (33) . Briefly, ∼70% confluent 293T cells in 150 mm tissue culture plate were co-transfected with 8g of the shRNA construct or Non-targeting control shRNA, 6 g of PsPAX2 packaging plasmids and 2 g of pMD2.G envelope plasmids using XtremeGENE 9 (Roche). The media was replaced with fresh DMEM supplemented with 10% FBS after 16 h of transfection. The lentiviral supernatants were collected 48 and 72 hours after the transfection, filtered through 0.45 m filters and concentrated at 18 000 rpm for 2 h. The V6.5 ES cells were infected with concentrated lentiviral particles with polybrene (Sigma) at the concentration of 8 g/ml. Twenty four hours after infection, the ES cells were subjected to selection with 2 ug/ml of puromycin for an additional 48 hours.
Antibodies
Antibody against Tet1 (GT1462) was purchased from GeteTex and Sin3A (ab3479) from Abcam. H3K4me3 antibody and Mll2 antibody were provided by Shilatifard laboratory.
Antibodies against Zfp281 were generated in our laboratory and described previously (32) .
ChIP assay
A total of 5 × 10 7 cells were used per ChIP assay according to the previously described protocol (34) . Briefly, cells were cross-linked with 1% paraformaldehyde for 10 min at room temperature; cross-linking was quenched by glycine. Fixed chromatin was sonicated and immunoprecipitated with specific antibodies.
RNA-seq alignment inclusive of none-unique mapped reads
To include as many non-uniquely mapped reads as possible, RNA-seq raw reads were firstly aligned to mouse genome (mm10) by STAR with parameters '-alignEndsType EndToEnd -winAnchorMultimapmax 2000 -outFilterMultimapNmax 2000 -outSAMprimaryFlag AllBestScore -outSAMmultNmax 1'. This setting was used to ensure all alignments having the best reported scores. For reads with multiple alignments, only one was randomly picked as the final alignment by customized script.
ChIP-seq alignment inclusive of none-unique mapped reads
Raw reads from ChIP-seq experiment were aligned to mouse genome (mm10) by STAR (2.5.1) with parameter '-alignEndsType EndToEnd -winAnchorMultimapmax 2000 -outFilterMultimapNmax 2000
-outSAMprimaryFlag AllBestScore -outSAMmultNmax 1 -alignEndsType EndToEndalignIntronMax 1'. With this setting, for each read, if one more equivalent best alignment is found, only one of the hits will be reported randomly. Consequently, none-uniquely mapped reads will be evenly distributed over highly similar repeat elements across genome.
Align RNA-seq and ChIP-seq reads to consensus repeat sequence
The annotation and fasta sequences for consensus repeat sequences were downloaded from Repbase (version 20.01) (35) . Reads in fastq format were aligned to consensus using BOWTIE2 with parameter '-fast -k 1'.
Peak calling
For ChIP-seq, MACS2 (36) was used to identify peaks with default parameters but including multiple hit reads. The RepeatMasker track in UCSC genome browser was used to identify peaks overlapped with repeat elements. To categorize peaks into weak and strong peaks, we ranked the peaks based on Q-value (minimum FDR) from MACS2. By definition of FDR, for given Q-value q 0 , the number of false positive peaks N can be estimated as:
is total number of peaks called with Q-value less than q 0 . The lower bound of Qvalue q l for weak peaks was chosen such as: N(q = q l ) ≤ 1. We next determined the upper or lower bound of Q-value for weak or strong peaks. As illustrated in Supplementary Figure  S3B , we first normalized the -log10(Q-value) by the maximum -log 10 (Q-value) for all of peaks. Then the percentage of peaks given a Q-value was calculated as complementary cumulative distribution. The upper bound of Q-value for weak peaks was chosen as the point where the slope is -1.
Phylogenetic analysis of LINE-1 family
According to the annotation of UCSC RepeatMasker Viz tracks (mm10), 21,567 5 end sequences (including 5 UTR and first 532bp of ORF1) of L1 elements were extracted from genome. The pairwise distance matrix of L1 elements were calculated by CALC DISTMX in USEARCH package (37) . The Neighbour Join tree was then constructed using QUICKTREE (38) . To identify the meaningful clusters in large L1 tree, we used an algorithm based on median pairwise patristic distance (39) to cluster L1 tree into 22 clusters, of which the median pairwise patristic distance between the members of its clusters is below a threshold.
ChIP-seq and RNA-seq data sets used in this study are listed below: 
RESULTS
Zfp281 suppresses a subset of retrotransposons in mouse ES cells
We have previously shown that Zfp281 can recruit the scaffold protein of Super Elongation Complex-Like 3 (SEC-L3), Aff3, to enhancer regions and regulate target gene expression (32) . From RNA-seq analyses in Zfp281-depleted mouse ES cells, we noticed that a significant number of genes are upregulated after Zfp281 depletion. Among them, the Zscan4 family genes are ranked on the top of the list (Supplementary Figure S1) . It was reported that the Zscan4 cluster genes are flanked and controlled by the endogenous retrovirus MERVL (40) . To further explore whether Zfp281 also functions in silencing repeat elements, including MERVL, in mouse ES cells, we analyzed the expression levels of repeat elements following the Zfp281 depletion by mapping RNA-seq reads to the consensus of different repeat elements. MA-plot analysis indicated that the expression of MERVL, MERVL-derived LTR MT2 Mm, and a subset of the active L1 repeat families are significantly upregulated following Zfp281 knockdown ( Figure 1A ).
Zfp281 is enriched at repeat elements in mouse ES cells
To investigate whether Zfp281 is directly involved in retrotransposon silencing, we examined the enrichment of Zfp281 over repeat elements. We first overlapped the uniquely and non-uniquely mapped Zfp281 ChIP-seq reads with repeat elements from the RepeatMasker Database. The results indicated that Zfp281 occupies a subset of LTR and L1 repeat elements, including L1Md T, L1Md A, L1Md Gf, MMETn and also IAPEY ( Figure 1B ; Supplementary Figure S2A) Figure S2B ).
Zfp281 suppresses a subset of active L1 expression
To further measure the occupancy of Zfp281 on 5 end sequences for all annotated L1 families in the mouse genome, we first performed the phylogenetic analysis of mouse L1 repeat families by using the annotated L1 5 end sequences ( Figure 2A ). The enrichment of Zfp281 on L1 elements was then plotted on the L1 phylogenetic tree. The results indicated that Zfp281 is specifically enriched at young L1 subfamilies, including L1Md A, L1Md T and L1Md Gf (Figure 2B) . RNA-seq analyses in Zfp281-depleted mouse ES cells further indicated that the depletion of Zfp281 specifically leads to the upregulation of L1Md T and L1Md Gf, with little effect on the L1Md A subfamily ( Figure 2C ). The roles of Zfp281 in suppressing subsets of young L1 subfamilies expression were validated by RT-qPCR analyses in four different ES cell lines from different mouse strains ( Figure  2D ; Supplementary Figure S3 ). During evolutionary expansion and suppression cycles, L1 family members have accumulated substantial sequence variation at their 5 UTRs (41). Accordingly, loss or gain of transcriptional factor binding sites regulates the expansion and suppression of retrotransposons (5) . Because Zfp281 functions specifically in repressing the young L1 subfamilies, we hypothesized that Zfp281 might bind to specific sequences on their 5 UTR. To investigate whether Zfp281 occupies phylogenetic clusters composed of closely related sequences, we clustered Zfp281-enriched Clade 1 and Clade 2 L1 elements from the phylogenetic tree analysis shown in Figure 2A . In total, 22 clusters were identified and the consensus sequence for each cluster was generated (Supplementary Figure S4A ). We then performed multiple alignments on these consensus sequences and found that the 5 UTRs of certain L1 subfamilies, including L1Md T, L1Md A and L1Md Gf, contain GC-rich sequences ( Figure 2E ). Therefore, Zfp281 is specifically enriched at the unique GC-rich 5 UTRs of L1 young subfamilies ( Figure 2F ). This finding is consistent with the previously reported binding preference of Zfp281 over GC-rich sequences (32).
H3K4me3 is enriched at a subset of L1s
DNA methylation and H3K9 methylation-related machineries are major factors involved in the transcriptional silencing of endogenous retrotransposons (8, 12, 42) . It has been reported that different repeat elements are suppressed via distinct mechanisms (15, 17, 18, 43) . H3K9me2 is highly enriched at MERVL repeat regions, while other repeat elements are highly occupied by H3K9me3 (15, 17) . In order to understand the transcriptional regulation of L1 subfamilies, we performed histone modification analyses on L1 subfamilies. H3K9me3 and its methylase Suv39h are mainly enriched at the L1Md A subfamily and Suv39h suppresses the expression of L1Md A (Figure 3) (17) . However, the Zfp281-regulated young L1 subfamilies, L1Md Gf and L1Md T, are highly occupied by H3K4me3, but largely depleted of H3K9me3 (Figure 3; Supplementary Table S1 ).
These results suggested a potentially distinct mechanism employed by host to suppress the Zfp281-regulated L1s.
The H3K4 methylase Mll2 regulates the expression of subsets of L1s
As H3K4me3 is highly enriched at the Zfp281-regulated young L1 subfamilies, we then asked which H3K4 methylase is required for the deposition of H3K4me3 at these regions. We mined the published H3K4me3 ChIP-seq datasets in the H3K4 methylase-depleted mouse ES cells (44, 45) . The depletion of Cfp1, a shared subunit of Set1A/B COMPASS complexes, does not have dramatic effects on H3K4me3 levels at L1s, except the L1Md A subfamily (Supplementary Figure S4B-C) . In contrast, the depletion of Mll2 results in complete loss of H3K4me3 at the Zfp281-regulated young L1 subfamilies ( Figure 4A ). It has been previously shown that Mll2 is required for H3K4me3 on bivalent promoters in mouse ES cells (46) . However, the expression of bivalent genes remains unchanged after Mll2 depletion. Different from bivalent genes, the expression of these young L1 subfamilies is regulated by Mll2 ( Figure   Nucleic Acids Research, 2017 4B; Supplementary Figure S4D-E) . The down regulation of these young L1 expression in cells bearing the Mll2 catalytically deficient mutant Y2604A further indicated the requirement of catalytic activity of Mll2 as a methyltransferase in regulating L1 expression ( Figure 4A ).
Mll2 and Zfp281 antagonize each other in regulating L1 expression
Since Mll2 and Zfp281 play opposite roles in regulating the same subsets of L1s, we further examined the potential functional link between Mll2 and Zfp281 in controlling L1 expression. Our results indicated that the depletion of Zfp281 leads to the increased occupancies of H3K4me3 and Mll2 at L1s (Figure 5A and B) . Furthermore, the depletion of Mll2 compromises, despite not abolishing, the derepression of these L1s in Zfp281-depleted cells ( Figure 5C-E) , indicating that besides Mll2, other epigenetic modifiers could also be involved in the activation of L1s. Thus, these data further support the critical roles of Mll2 in activating the Zfp281-regulated young L1s.
Zfp281 recruits Tet1 and Sin3A in restricting L1 subfamilies
It has been reported that Zfp281 associates with a diverse range of transcriptional regulators, including Tet1 and Sin3A, functioning in different biological processes (47, 48) . Recently, it has also been shown that Tet1 and Sin3A are both involved in L1 suppression in mouse ES cells (27) . However, how the Tet1-Sin3A complex is recruited to L1s remains unclear. The Genome-wide occupancy analyses indicated that Zfp281 and Tet1 co-occupy the 5 end of the L1Md-Gf and L1Md-T subfamilies (Figure 3 ; Supplementary Table S1 ). Since Zfp281 bears zinc-finger domains and can directly bind GC-rich DNA sequences in vitro (28), we next tested whether Zfp281 functions through recruit- ing Tet1 and Sin3A to regulate the L1 repeat elements. Indeed, our results indicated that the depletion of Zfp281 significantly compromises the recruitment of Tet1 and Sin3A to 5 -UTR of the L1 repeat elements ( Figure 6A and B) , while the expression of Tet1 and Sin3A was not affected by Zfp281 knockdown (Supplementary Figure S5A and  B) . Furthermore, the double knockdown of both Zfp281 and Sin3A did not lead to further derepression of L1s as compared to the single knockdown of Zfp281 (Supplementary Figure S5C -E). These data indicated that Zfp281 could function partially through Tet1/Sin3A in restricting subsets of L1 expression.
DISCUSSION
Competition between transposable elements and their hosts has led to a co-evolutionary 'arms race' scenario in order to maintain the fine balance between genetic diversity and genome instability. Diverse mechanisms have been evolved to regulate the expression of repeat elements during transposable element evolution. Here, we report that the depletion of Zfp281 leads to the up-regulation of a subset of young active L1 subfamilies. Zfp281 is enriched specifically at the unique GC-rich regions of young L1 subfamilies and recruits Tet1 and Sin3A to suppress their expression. Furthermore, Zfp281-controlled L1 subfamilies are highly occupied by H3K4me3 and require the H3K4me3 methylase Mll2 for their proper expression. In summary, our results indicated a coordinated role of the activating H3K4 methyltransferases Mll2 and the suppressing Zfp281-Tet1-Sin3A pathway in the regulation of subsets of young L1 expression ( Figure 6C ).
A role of Mll2 in L1 expression in mouse ES cells
There are at least 6 different COMPASS and COMPASSlike H3K4 methylases in mammals with functional diversity (49) . Set1/COMPASS is responsible for the bulk H3K4me3 in mammals. It has been proposed that Tet1-Sin3A could function through Ogt-Set1/COMPASS in regulating L1 expression (50) . However, our analysis indicated that the depletion of Cfp1, a unique subunit of the Set1/COMPASS complex, does not seem to have global effect on H3K4me3 at L1s. Here, we found that Mll2 is specifically enriched at the Zfp281 regulated young active L1s and is the major H3K4 methylase in regulating their proper expression in mouse ES cells. The results from the catalytic dead mutant of Mll2 further suggested the requirement of H3K4me3 in controlling L1 expression. In the past, extensive research has been focused on exploring how repeat elements accumulate mutations to escape host surveillance. Our study suggests that the repeat elements could also hijack host epigenetic modifiers, such as Mll2, to activate their expression during expansion. The experiments were biologically repeated three times. Error bars represent standard deviations from biological replicates. *P < 0.05, **P < 0.01 and ***P < 0.001. (C) A cartoon model for Zfp281-dependent regulation of L1s. Zfp281 binds to the GC-rich DNA region at L1 5 -UTR, and then recruits Tet1 and Sin3A in suppressing their expression. Zfp281-regulated L1s are significantly enriched for H3K4me3, which is mainly deposited by Mll2.
Diverse mechanisms in controlling repeat elements
L1 repeat elements are newly expanded active retrotransposons that still carry retrotransposition activity in mammals (3, 51) . The active young L1Md Gf and L1Md T subfamilies are largely depleted of DNA methylation and H3K9me3, but highly enriched for H3K4me3 and 5hmC. The depletion of Tet1 leads to the reduction of 5hmC and further compromises the repression function of Sin3A at L1s (27) . However, it is unclear how Tet1 and Sin3A are specifically recruited to these L1 elements. Our results indicated that these young L1 subfamilies contain an extra GCrich region at their 5 -UTR, to which Zfp281 binds. The depletion of Zfp281 affects the recruitment of Tet1 and Sin3A to L1s. It is likely that the interaction among Zfp281, Tet1, and Sin3A could promote the assembly of the Sin3A repressor complex at the L1 5 -UTR regions to partially restrict their expression. Although both Tet1 and Zfp281 seem also enriched at the L1Md A subfamily and other ERVs, which are marked by H3K9me3, their depletions do not affect the expression, indicating a context-dependent role of Zfp281 in suppressing L1 expression. In addition, it has been reported that the depletion of Sin3A will lead to the global increases of H3K4me3 (52). Here we observed the increased enrichment of Mll2 and H3K4me3 at L1s upon Zfp281 knockdown. Also, the depletion of Mll2 compromises the repressive function of Zfp281 at L1s, further suggesting that Zfp281 could function partially through Tet1-Sin3A in suppressing Mll2 and thus restricting subsets of young L1 expression in mouse ES cells. Furthermore, since both Zfp281 and Mll2 play critical roles in stem cell pluripotency, it needs to be further explored whether their roles in pluripotency are mediated, at least partially, by L1s.
